In the superconducting magnetically levitated (Maglev) transportation system, the ground coil is one of the most important components as it generates the propulsion, levitation and guidance forces acting on the vehicles.
Two types of conventional ground coil are installed on the guideway of the Yamanashi Maglev Test Line 1) . The levitation and guidance coils are installed over the propulsion coils. These ground coils, which are installed along the entire length of the Maglev guideway, need to withstand long-term outdoor use as they are vibrated by electromagnetic forces when a vehicle passes. Verifying ground coil dynamic durability is important for ensuring the total safety and reliability of the system.
We therefore developed an electromagnetic vibration test apparatus for bench tests that can apply an electromagnetic force on a coil conductor as a distributed load, to simulate the load conditions under actual train operations, and to evaluate the vibration characteristics and dynamic durability of the coil molding material under arbitrary running conditions.
Electromagnetic vibration of propulsion coils Electromagnetic vibration of propulsion coils Electromagnetic vibration of propulsion coils Electromagnetic vibration of propulsion coils Electromagnetic vibration of propulsion coils
The major source of coil vibration is from the electromagnetic forces generated between the ground coils and the onboard superconducting magnets (SCMs). Figure 1 shows the calculated electromagnetic forces on a propulsion coil when four SCMs passed at a constant speed of 500 km/h. Fx and Fy are force components, as indicated in the figure. A linear synchronous motor propels superconducting Maglev vehicles. When an SCM approaches a propulsion coil, attractive force acts on the coil. After the SCM passes by the propulsion coil, repulsive force acts on the coil. These attractive and repulsive forces vibrate the propulsion coil. It can be seen that the number of vibrations is equivalent to the number of SCMs passing by the ground coils. The number of vibrations equates to approximately 14.8 million over 35 years of commercial operations. Hence, it is essential to verify ground coil dynamic durability against electromagnetic vibration for the safe and secure operation of the Maglev system. 3 show the configuration and a general exterior view of the test system, respectively. By installing a target ground coil so that it faced the SCMs, and by applying the current from the inverter power supply under arbitrary conditions, it was possible to simulate the actual vibration conditions that occur when a train passes a coil. The electromagnetic forces resulting from the magnetic field of SCMs act directly on the ground coil conductor. The vibration amplitude is adjustable by varying the distance between the ground coil and the SCMs, the current amplitude of the inverter and the magneto-motive force of the SCMs. The vibration frequency is readily adaptable to vehicle running conditions by controlling the current frequency. Since an SCM generates a larger alternating electromagnetic force than those during actual operations when placed in an alternating magnetic field, the ground coil was covered with an aluminum shield plate to insulate it from the alternating magnetic field and thus restrain magnetic vibrations.
The LabView software-controlled automatic control and measurement system we developed, shown in Fig.4 , was adequate to enable unmanned long-term dynamic durability testing. Once we had established the test conditions prior to bench testing, the coil current from the inverter was automatically controlled for long durations. Experimental data were also automatically measured and monitored.
4. Electromagnetic forces acting on propulsion coils 4. Electromagnetic forces acting on propulsion coils 4. Electromagnetic forces acting on propulsion coils 4. Electromagnetic forces acting on propulsion coils 4. Electromagnetic forces acting on propulsion coils
Figure 5 (a) shows the calculated electromagnetic forces acting on the propulsion coil during actual vehicle running, when four SCMs passed by at a constant speed of 500 km/h with 40 degrees of phase lead. Since Fy significantly affects the stress on the coil molding, the vehicle running conditions were rigorous for the propulsion coil.
Figure 5 (b) shows the calculated electromagnetic forces from a bench test. It can be seen that the ampli- Figure 6 shows the lateral acceleration of the propulsion coil during the bench test, during which an accelerometer was placed at the bottom of the test coil. The vibration frequencies ranged from 40 to 120 Hz, equivalent to those of vehicle running speeds of approximately 200 to 600 km/h. We verified that the vibration acceleration at a speed of 500 km/h (approximately 100 Hz) was equivalent to that experienced during test-run operations. Despite certain peaks observed in Fig. 6 , the amplitude caused the least of any specific problems. To reduce construction costs for the maglev system, we developed a PLG coil that combined propulsion (P), levitation (L) and guidance (G) force functions in one coil, as shown in Fig. 7 and quoted in reference 2) . Figure 8 (a) shows the PLG coil connections. The figure eight-shaped coil is composed of two asymmetric unit coils. The coils on both sides of the guideway are connected to each other by null-flux cables. A reverse current between the upper and lower coil units generates levitation forces, and a reverse current between the coils on both sides generates guidance forces. As the reverse current is induced by the displacement of the bogie from the central position on the guideway, it was difficult to simulate Fy and Fz using these connections under bench test conditions.
To solve this problem, we modified the connections from the arrangement shown in Fig. 8 (a) to those shown in Fig. 8 (b) . Then two inverters controlled the upper and lower coil currents, respectively. To verify the equivalence between the PLG coil connections tested under bench test conditions and during actual operations, the loads acting on the PLG coils installed in the test system via load converters could be measured from the three directions referred to in reference 3) . We simulated three different cases of actual operations under the bench test, as described in Table 1 . Figure 9 shows the measured and calculated electromagnetic forces acting on the PLG coil. We verified that these forces matched those of the original design.
Propulsion coil dynamic durability test results Propulsion coil dynamic durability test results Propulsion coil dynamic durability test results Propulsion coil dynamic durability test results Propulsion coil dynamic durability test results
We performed dynamic durability tests using an actual coil for propulsion, and a vibration test of 1.38×10 7 cycles under an electromagnetic force that generated approximately 1.2 times the ordinary stress on the coil's molding material. We only performed the vibration tests during the day, giving due consideration to the temperature rise characteristics of coils on a commercial line. The test period lasted for approximately 10 days. The test period corresponded to approximately 35 years of vibration on a commercial line, a fact determined by acceleration tests based on S-N curve characteristics obtained from separate fatigue tests performed on the molding material. During the tests, accelerometers were mounted on various parts of the coil surface to observe how vibration acceleration rates vary as time progresses. As shown in Fig. 10 , the acceleration increased slightly at measuring point ⑤ immediately after the vibration commenced, however, the increase is less in value. This confirmed that there is no specific problem concerning coil dynamic durability. During appearance inspection and insulating characteristic tests performed before and after the vibration tests, no change in properties was visible, and we verified dynamic durability equivalent to 35 years of commercial operations. The results indicate that our ground coil electromagnetic vibration test apparatus is adequate as an effective means to evaluate dynamic durability.
8. Improving dynamic durability 8. Improving dynamic durability 8. Improving dynamic durability 8. Improving dynamic durability 8. Improving dynamic durability
We evaluated various types of ground coils. Many test results indicated that the bush structures and materials at the bolt mount units, as well as the connections between coils and electrical cables, are essential parts for dynamic durability. Thus, we applied new fiber reinforced plastic (FRP) bushes as shown in Fig. 11 and new connections as shown in Fig. 12 to the PLG coils, as quoted in reference 4) . Using the test apparatus for electromagnetic vibrations, we verified the significant improvement in dynamic durability performance. We developed the first electromagnetic vibration test apparatus suitable for verifying the dynamic durability of ground coils on the assumption of actual electromagnetic vibration. Using this apparatus, we succeeded in evaluating the durability performance of practical ground coils.
